UTSim is a software package developed to help plan and refine ultrasonic inspections for complex shaped components. The software reads 3D solid-model CAD representations of the components. Virtually any shape or complexity of object can be loaded and examined using the ultrasonic ray tracing tools in UTSim. For many applications, the software can also be used to model ultrasonic beam propagation as well as the response from flaws within a component. This presentation will give an overview of UTSim and its features and will demonstrate examples of its ultrasonic simulation capabilities. ABSTRACT. UTSim is a software package developed to help plan and refine ultrasonic inspections for complex shaped components. The software reads 3D solid-model CAD representations of the components. Virtually any shape or complexity of object can be loaded and examined using the ultrasonic ray tracing tools in UTSim. For many applications, the software can also be used to model ultrasonic beam propagation as well as the response from flaws within a component. This presentation will give an overview of UTSim and its features and will demonstrate examples of its ultrasonic simulation capabilities.
INTRODUCTION
The interest in simulation codes to predict the results of inspections is rapidly growing as these codes are able to handle more complex situations, validations have been completed that increase user confidence in their accuracy, and successful case studies of the benefits are more broadly known [1, 2] . Figure 1 shows the structure of a typical simulator code, which includes a computational kernel that describes the interaction of the interrogating energy with the component and flaw in question and predicts the measured signal. To enable this prediction, input is required to describe the measurement system, the inspection procedure, the flaw, and the component in which it resides. In many cases, it is desirable to represent the component and/or flaw(s) as 3-D solid models. The central challenge of NDE research is be to make inspections "faster, better and more cost-effective" [3] . Within this context, inspection simulators play an important role in a number of functions, including the initial assessment of candidate inspection techniques for a given application (assuring adequate coverage, sensitivity and signal-tonoise ratios, etc), assessing the effectiveness of inspections (Model-Assisted Probability of Detection concepts [4] ), and allowing inspectability to be considered more formally as a part of the design process. Additional goals include allowing NDE engineers to gain better understanding of the inspection as an aid to the inspection development process, providing a tool to communicate that understanding to stakeholders such as customers and managers, and assisting in the process of educating future NDE engineers and technicians.
This paper provides an update on the capabilities, current and expected in the near term, of an ultrasonic simulation code, UTSIM.
3-D RAY-TRACING Inspection Design
Ray tracing is widely used in the initial design of an inspection, including assuring adequate coverage of the component and determining whether competing reflections from component geometry will obscure the flaw signal. Ray tracing neglects any effects of diffraction associated with the finite wave length of ultrasound (e.g. beam spread) and treats refraction at interfaces via Snell's law, generalized to include mode conversion. It allows fast computations, even for very complex geometries but does not allow one to predict flaw response amplitudes. The implementation of ray tracing in UTSIM allows a general 3D description of the component geometry via stereolithography (STL) files, rapid manipulation of the relative position of probe and component, visualization of the ray paths, and output of the arrival times and angles of ray intersections with surfaces. Figure 2 illustrates the use of UTSIM in the consideration of wedge selection and transducer positioning during the design of an inspection. Colors are assigned to different wave modes for ease of recognition. This ray tracing application allows poor choices of inspection parameters to be easily identified.
As the component geometry becomes more complex, the best inspection parameters become less and less obvious. Positioning become more critical and modeling with visualization is very helpful. Figure 3 shows an example of a simulation of an inspection of the blade insertion area of land-based gas turbine rotor. Part (a) shows the overall As an example of the use of this information, doubling the time of intersection of the ray with the surface indicates when a pulse echo signal would arrive at the transducer along this ray path. The angle of incidence provides an indication of the strength of this signal. Near normal incidence implies a high signal and oblique incidence implies a decreased signal whose amplitude would depend on the roughness of the surface. In this particular example, UTSim was used only to predict the ray paths for geometrical signals, i.e., reflections from the surfaces of the component. UTSIM also allows a second solid model to be imported to describe the geometry of a flaw. In that mode, one can ascertain whether the flaw signals will be clearly differentiated from the component surface geometry. However, it must be recognized that, for small flaws, care would have to be taken in such a mode to assure that the density of rays would be sufficient to support this application.
Phased Array Delay Laws
The use of phased arrays is rapidly increasing in the NDE community, and the ray tracing capability of UTSIM provides the basis of a feature that allows the development of focal delay laws. To illustrate that feature, the example of determining the delays required to focus the beam of a rectangular array to a particular flaw inside the component shown in Fig. 4 is described. Creating this beam required the steps of superimposing a parabolic focal law to focus at the required depth and a linear focal law to steer the beam to the position of the flaw. These steps assure that the flaw is insonified but not necessarily that a large echo is seen since this will be determined by additional factors such as the flaw orientation.
Ray Tracing Summary
The ray tracing capabilities include contact or immersion inspection, curved entry or back surfaces, and mode conversions. Component, flaw and wedge can be described by solid models developed in the CAD process. Detailed time of flight information assists in setting time gates, helping interpret A-scans, and identifying shadowing. Functions include planning inspections, wedge selection and design, development of phased array delay laws and visualization to assist in set-up and aid in understanding. This is a process that can treat any geometry and is computationally fast.
FLAW RESPONSE

Small Flaw Model
The initial development of UTSIM focused on flaws small with respect to the ultrasonic beam. This was of technical interest to the aircraft engine community that is concerned with such cases and allowed a simplifying approximation to be made. Under these conditions, one can approximate the illuminating fields by a plane wave and the signal is primarily controlled by the product of the square of the illuminating pressure (to take into account both the illuminating and detecting processes and a parameter known as the scattering amplitude of the flaw [5] .
An overview of the model appears in Fig. 6 . The factorization has the important practical advantage that the description of beam fields and flaw scattering are developed independently. The pressure is determined by a sophisticated, multi-Gaussian beam model based on the paraxial approximation [6] . Figure 7 illustrates the predictions of that beam model, which takes into account both refraction and beam spread, by comparing them to a simple ray tracing solution. The fact that the flaw scattering can be described independently by the scattering amplitude factor has the advantage that highly accurate solutions that are known for a variety of analytically defined shapes (spheres, ellipsoids, cracks) can be accessed by either simple calculations or look-up tables. This can avoid frequency dependent assumptions in simpler models such as the Kirchhoff approximation. The output is a time domain waveform, which has been shown to compare well with experiment in a variety of validations [5, 7] . Two examples will be given to illustrate applications of the small flaw model. Figure 8 illustrates a transfer function application. Distance amplitude corrections are often used to take into account the change in response of a flaw at different distance from the surface of a component, as influenced by material attenuation and beam propagation effects. The beam effects can be predicted by UTSIM. If one has captured the effects of attenuation in a DAC sample with the relevant material microstructure, then one would like to transfer the DAC measured in that sample to one that would be measured in another sample of the same material but different surface curvature or flaw sizes through the use of the beam model. If, in addition, one has knowledge of material and possibly mode and angularly dependent attenuation, DAC's for samples of other materials or angles of insonification can be predicted. Thus the model can be used to replace a room full of DAC blocks with one block. Figure 8 presents an illustration of this concept. At the bottom is shown an inspection situation. At the top are shown model predictions of the DAC for a flat plate using the transducer in question, a second DAC predicted for the curvature in question, and their ratio. This ratio would be multiplied by the experimental DAC for a flat plate sample with the microstructure of interest to obtain the DAC for the curved entry surface.
By specifying an inspection procedure, including the scan plan and part geometry, one can develop a coverage sensitivity map such as is shown in Fig. 9 . The displayed colors are determined by a full measurement model calculation of flaw response, not just beam pressure. This provides visualization of the region of the material that has been insonified during the inspection, as influenced by part geometry and the beam radiation pattern, as well as the expected amplitude from small reflectors within the beam. These take into account the effects of part curvature on the DAC as desired.
Large Flaw Model
Many flaws are not small with respect to the ultrasonic beam. In this situation, the small flaw assumption cannot be made and integration over the flaw surface is required within the framework of a scattering approximation. UTSIM contains a developmental, large flaw model which is in the final stages of testing, first through comparison to other theoretical models and then to experimental data. This model allows the flaw to be described by a CAD solid model and treats the scattering from each triangular facet of that model by the elastodynamic Kirchhoff approximation. A key technical issue is the discretization of the flaw surface. The dimensions of the triangular elements should be less than one tenth of the ultrasonic wavelength in order for the integration over the flaw surface to properly capture the signal. However CAD packages generally provide a quite different discretization, whose form is governed by other considerations. The large flaw model is intended to modify the discretization of the CAD description of the flaw to allow accurate ultrasonic signals in a way that is transparent to the user. Considerable computer engineering is required to make this as practical as possible, including ease of set-up and minimization of computational time. Initial feasibility demonstrations of this modeling approach have been applied to simulation of c-scan images from large, hard-alpha inclusions that are of concern in aircraft engines [8] . In that study, CAD descriptions of real flaws were generated from closely spaced metallographic images. Model calculations produced c-scan images that were quite close to measured data, and the overall amplitude errors were generally on the order of 3 dB or less. Figure 10 provides an example of a gated waveform (R.F. A-scan) from a model large flaw, showing the complexity of the signal that is produced by the flaw morphology.
The large flaw model is expected to greatly increase the range of applications to which UTSIM can be applied, with the potential to be generalized to predict surface geometry signals. This opens the way to numerous possibilities such as studies of the effects of flaw morphology on the ultrasonic response. 
CONCLUSIONS
UTSIM is a developing tool with an influx of physics engines with a number of applications. Careful validation is required to assure that accurate predictions are made, establishing confidence in industrial users and feedback to code developers. Current capabilities include ray tracing coverage maps, development of phased array delay law calculators, flaw response coverage maps, and DAC transfer functions. A typical application would include planning and refining experiments with the model and then validating with limited experiments. Current development activities include the completion of the large flaw model and integration of a ray tracing model for anisotropic materials. UTSIM is being commercialized by NDE Technologies.
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